Lithium ion based rechargeable batteries ͑LIBs͒ have become one of the most desirable power sources for many portable consumer applications. LIB has also been tapped as a potential candidate for high power applications such as electric and hybrid electric vehicles. 1 In recent years many improvements have been made to increase the performance and life of the battery. Many potential concerns such as thermal abuse, 2 lithium deposition, 3 porosity change, film formation, and other side reactions [4] [5] [6] have been identified, and studies have been conducted to understand the resultant capacity loss. Stress generation due to the intercalation process has been shown to produce cracks or fractures in the material 7, 8 which can lead to failure of the battery. Out of the possible factors that reduce the performance and durability of the battery, mechanical stress arising in the battery electrodes is the least studied. Kostecki and McLarnon conducted a microprobe study on graphite electrode and found that an increase in the structural degradation of a graphite electrode caused an increase in the amount of side reaction products formed, 9 hence indicating a possible correlation between both these modes of failure. It is imperative to understand the various failure modes and their individual and mutual roles in reducing the life of the battery. To achieve this goal, a systematic approach is necessary to correlate the various processes that occur during the operation of the battery with its performance. One such approach is to simulate the behavior of the battery using a comprehensive mathematical model that includes the various failure modes.
Mathematical models that include the generation of stress during intercalation and de-intercalation processes have been used previously to study lithium manganese oxide 10, 11 and carbon electrodes 12 by Christensen and Newman under galvanostatic conditions. Zhang et al. 13 included stress generation in single electrode particles under potentiodynamic conditions. Recently Cheng and Verbrugge 14 presented an analytical solution for stress generation in a spherical particle under galvanostatic and potentiostatic conditions. However, these models are developed for a single electrode particle and do not consider the porous nature of the electrode. Some of these studies [11] [12] [13] [14] have not considered the stress arising due to the phase transformation in their models.
To the authors' knowledge, the only theoretical work that considered stress generation in the porous intercalation electrode was presented by Garcia et al., 15 which considered a two-dimensional ͑2D͒ model geometry with spherical particles distributed within the electrode, to predict the performance of the battery and stress distribution. The importance of this work is that the framework used in the study can be employed to simulate the performance of battery electrodes with complex microstructures, i.e., electrodes with severe particle aggregations and multiple particle sizes and shapes. This approach is better suited for qualitative understanding of the structure-mechanical stability-performance relationships in a battery electrode. But extension of this model as a predictive tool to quantitatively estimate life and capacity of the battery during charge/ discharge cycles becomes computationally intensive because the model equations need to be solved simultaneously in two spatial directions, and there is an additional cost involved in creating a digital facsimile of the electrode microstructure.
In the present work we take advantage of the porous electrode theory along with the pseudo-2D approach 16, 17 to model the battery electrodes, which enables us to maintain the necessary rigor required for making accurate predictions and at the same time reduce the computational cost considerably. This work also includes the nonlinearity associated with the electrolyte phase and the phase transformations taking place in the solid phase which have not been considered in Ref. 15 . The objective of our study is to use a comprehensive mathematical model to ͑i͒ develop a correlation between the mechanical properties and performance of the porous battery electrodes and ͑ii͒ understand the importance of the structural and mechanical properties of the electrodes in determining the durability of the battery electrodes for a given set of operating conditions. To accomplish these goals, a pseudo-2D model is developed which takes into account ͑i͒ diffusion into the intercalation electrode particles ͑solid phase͒, ͑ii͒ stress generation due to intercalation and phase transformation processes in the electrode particles, ͑iii͒ diffusion and migration in the electrolyte ͑solution phase͒, and ͑iv͒ electrochemical reaction at the solid/solution interface.
Model Development
The schematic of the lithium ion battery system considered in this study is shown in Fig. 1 . The battery consists of two porous intercalation electrodes: a positive electrode ͑Li x CoO 2 ͒ and a negative electrode ͑carbon͒ with a porous separator between them and a liquid electrolyte throughout. The particles that make up the intercalation electrodes are assumed to be spherical. During the discharge process the lithium ion ͑de͒intercalates from the negative electrode particles, diffuses and migrates through the electrolyte, and intercalates into the positive electrode particles. These processes are described with the help of a porous electrode model. 18 Many authors have successfully used the porous electrode theory in the past to model the lithium ion battery, [3] [4] [5] [6] [16] [17] [18] [19] wherein detailed dis-cussions of the model and the governing equations are available.
Hence only a summary of the equations is presented here. The set of governing equations for the model system can be conveniently divided into four sections. In the first section the governing equations for mass transport in the solution phase, charge transport of lithium in the solid and solution phases of the porous electrode, and the kinetic expressions are summarized. In the second section the governing equations for the diffusion process inside the intercalation electrode particles are described. In the subsequent section the diffusion equations are modified to account for the phase transformation taking place in the electrode. In the final section, the governing equations describing the generation of mechanical stress in the intercalation particles are presented.
Porous electrode model.-The model equations to describe the solid and solution phase potentials, respectively, are
where eff and eff are solid and solution phase effective conductivities, respectively, and D is the diffusional conductivity. The solution phase concentration is described by the following equation
where D 2 eff is the effective diffusion coefficient in the solution phase of the porous electrode. The effective properties used in the above equations are discussed in detail elsewhere. 19 A list of expressions used in this study is presented in the Appendix.
The electrochemical reaction at the surface of the electrode particles is described using a Butler-Volmer type kinetic expression which is written as
where i 0,i is the exchange current density for region i and is given by the following expression
The overpotential for the electrochemical reaction is expressed as
where U i ref is the open-circuit potential of the intercalation electrode in region i, which is a function of the state of charge ͑SOC͒ or concentration at the particle surface.
Diffusion inside the solid phase.-The intercalation material is assumed to be a binary solution as treated by Christensen and Newman, 12 then the flux of lithium ͑with composition gradient and pressure as driving forces͒ within the particle can be described by using the generalized Maxwell-Stefan equation
͓7͔
The thermodynamic pressure term ͑ P͒ in Eq. 7 can be replaced by the hydrostatic stress ͑ h ͒. The resulting equation is given by 21
and the governing equation for diffusion in the particle is modified as follows
has been derived from the generalized Maxwell-Stefan equation based on the assumptions that the particle is isothermal and that lithium and the host form an ideal binary mixture. This equation is a valid representation of the scenario wherein diffusion takes place in a material comprised of a single homogeneous phase. Most of the intercalation electrode materials, such as Li x CoO 2 and carbon, are comprised of two or more coexisting phases during certain stages of the intercalation process. 22, 23 Diffusion occurs at different rates in all these phases, and there is a sharp difference in composition at the phase interface. In addition to this fact, the phases can have different structural and mechanical properties leading to a discontinuity in the driving force due to the hydrostatic stress ͑pressure͒ at the phase interface. To properly account for the phase transformation process and diffusion within each of the phases, it is necessary to know the criteria for the initiation of the different phases and to track the movement of the phase interface in the material. To achieve this goal, the moving boundary approach presented by Zhang and White 24 is used.
Moving boundary model.-The framework presented in Ref. 24 to account for diffusion in the coexisting phases in the electrode particle is revisited and modified to include the effect of stress on the diffusion process. During the intercalation/deintercalation process of lithium into the electrode, a series of phase transformations takes place which is commonly referred to as staging phenomena. For certain ranges of composition, two of the transforming phases coexist in the material. For example, in Li x CoO 2 , when the lithium concentration ͑x in Li x CoO 2 ͒ is between 0.75 and 0.97, two phases coexist.
In this study the coexisting phases in the electrodes are considered to be in equilibrium with each other, and the phases are referred to as ␣ and ␤, respectively. The ␣ phase refers to the lithium deficient phase and the ␤ phase refers to the lithium rich phase in the electrode. Diffusion of lithium occurs in both of phases and diffusion inside the two phases is described using two separate governing equations. Diffusion equations including the effect of stress for each of the two phases ␣ and ␤ are, respectively, given by 
A156
Journal of The Electrochemical Society, 157 ͑2͒ A155-A163 ͑2010͒ A156
where C 1,i ␣ and C 1,i ␤ are the concentrations of lithium in ␣ and ␤ phases of the electrode, respectively, and V 1,i j is the partial molar volume of phase j in the electrodes. The movement of the phase boundary is assumed to be controlled by the diffusion process in the adjacent phases, and the governing equation used to track the position of the interface, i.e., the velocity of the phase boundary movement, is given by a jump material balance 20 at the interface as follows
where C eq,i ␣ and C eq,i ␤ are the maximum soluble concentrations of lithium in ␣ and ␤ phases of the electrode, respectively.
The electrochemical reaction occurs at the particle/electrolyte interface and lithium diffuses through the phase present near the surface ͑the ␤ phase is formed at the surface during intercalation and the ␣ phase is formed at the surface during deintercalation͒. The lithium flux at the particle surface is given by
Equations10-13 form the set of equations to describe diffusion inside the electrode particles during phase transformation. Equations 10 and 11 are used to describe the diffusion process in ␣ and ␤ phases, respectively, during a single phase regime, along with the appropriate boundary condition described in Eq. 13.
The hydrostatic stress h mentioned in the diffusion equations as one of the driving forces ͑see Eq. 9-11͒ is the average of the three principal components of the stress tensor and for a spherical particle, it can be expressed as shown below where r and t are the radial and tangential components of the stress tensor, respectively. Governing equations describing these stress components in the electrode are described in the following section.
Mechanical stress.-To quantify the stress generated in the electrode, the elastic deformation of the material must be related to the intercalation process. The stress arising due to the diffusion process is modeled using an approach similar to that used to account for thermally induced stress in a material. 21 A similar methodology has been used in the past while estimating stress in the intercalation electrode materials. 12, 14, 15 To formulate the equations describing stress distribution in the intercalation particles, the following assumptions are made: ͑i͒ mechanical properties are assumed to be constant within each phase of the intercalation material, ͑ii͒ the material is assumed to be completely elastic until failure, and ͑iii͒ mechanical equilibrium is assumed to exist within the material. The equation of momentum describing the motion of each point inside the spherical particle, which is in mechanical equilibrium, is written in terms of the principal components of the stress tensor as follows 21 ‫ץ‬ r,i
where r,i and t,i are the radial and tangential components of the stress tensor in region i and these can be expressed in terms of the radial displacement ͑u i ͒ in region i and mechanical properties for materials as follows
where E i j is Young's modulus of elasticity for the material in phase j and region i, i j is Poisson's ratio, and ⍀ i j is the expansion coefficient due to intercalation which is equivalent to V i j /3, where V i j is the partial molar volume of phase j in region i.
Equations 10-13 and 15 form the set of governing equations describing diffusion and stress generation in the solid phase of each of the electrodes. These equations are coupled with the governing equations for solid and solution phase potentials ͑Eq. 1 and 2͒ and solution phase concentration ͑Eq. 3͒. The numerical solution procedure is described in detail in the following section.
Solution Procedure
The numerical simulations were carried out using COMSOL Multiphysics, 25 a simulation package that uses the finite element method to discretize the governing equations.
Discretization scheme.-Each model region ͑positive electrode, separator, and negative electrode͒ is discretized along the x coordinate. Solution phase potential 2 and solution phase concentration C 2 are the variables solved for in all three regions, and solid phase potential 1 is solved in positive and negative electrodes only. To evaluate the kinetic expression in the electrodes, the concentration of lithium is required at the local particle/electrolyte interface throughout the length of the positive and negative electrodes. To accomplish this goal and to estimate the stresses inside the particles, Eq. 11-14 and 16 is solved in the spatial r direction at each node point along the x coordinate in the electrodes. The radial coordinate r is scaled using the following expression to avoid any convergence issues arising due to the difference in the length scales between the macroscopic length of the electrode ͑x coordinate͒ and the radius of the particles ͑r coordinate͒
Moving mesh within the electrode.-Due to the phase boundary movement in the positive electrode, the mesh points are not fixed. Studies in the past have made use of different numerical methods to handle the moving boundaries. Some of these include fixed mesh/ grid methods using implicit or explicit finite difference approximations, moving mesh methods using either variable time step or variable space intervals and coordinate transformations. A detailed review of these schemes can be found elsewhere. 26 In this study the moving mesh method available in COMSOL Multiphysics simulation package is used for framing the set of moving boundary equations in the positive electrode. This scheme makes use of the Arbitrary Lagrangian-Eulerian ͑ALE͒ formulation which makes it possible to solve the diffusion and stress equations and the moving boundary equation simultaneously.
Coupled model.-The concentration and stress equations in both positive and negative electrodes are highly coupled with the porous electrode equations. All of these equations are solved simultaneously. At any given time, the set of variables solved for are
, and p ␤ ͖ based on whether a single or two phase exists in the positive electrode, respectively.
Parameters.-The list of design and other parameters used in the simulations is provided in Table I . The open-circuit potential data for Li x CoO 2 and carbon were obtained from the experimental work conducted by Kumaresan et al. 27 Poisson's ratio for Li x CoO 2 was calculated from the change in the lattice parameters reported in Ref. 28 . Young's modulus E for LiCoO 2 is not available in the literature and hence we chose to use the value of E of lithium aluminum silicate, which has a similar lattice structure, trigonal with the R3m space group. The partial molar volume of Li x CoO 2 was calculated from the change in lattice volume with change in lithium concentration, as reported by Reimers and Dahn. 28 All the mechanical properties of carbon electrode used were obtained from Ref. 12 .
Results and Discussion
The simulation results for the positive electrode are presented and discussed first, and the results for the negative electrode are discussed in a subsequent section.
Positive electrode ͑LiCoO 2 ͒.-For illustration purposes, the results described in the following sections consider the phase changes within the cathode only. The stresses in the LiCoO 2 electrode result from two processes. The intercalation or de-intercalation process leads to a change in lattice volume of the crystal in the single phase region, leading to stress. This stress is referred to as intercalation induced stress or intercalation stress. Another origin of the stress in the electrode particle is the phase transformation occurring over a range of lithium concentrations ͑0.75-0.97͒. This stress is referred to as phase transformation induced stress or phase transformation stress. Both these stresses are the functions of SOC. Here the SOC in the electrode particle ␥ is defined as the ratio of average concentration of lithium in the particle to the maximum possible concentration of lithium in the particle Figure 2 shows the average local SOC ␥ of the particles along the thickness in the electrode as a function of for a discharge rate of C/2. Here is expressed as the SOC of the positive electrode normalized to the maximum SOC of the positive electrode at the end of a low rate discharge ͑C/33͒
To understand the diffusion and phase transformation processes occurring in the electrode and to correlate the stresses arising in the electrode to the individual process, the plots in Fig. 2 are conveniently divided into three groups based on the value of . In the first regime ͑ Ͻ 80%͒ all the particles across the electrode are comprised of single ␣ phase. In this regime the ␥ increases uniformly across the thickness of the electrode ͑here the dimensionless x coordinate equals 0 represents the current collector and 1 denotes the separator͒ with a corresponding increase in as a result of diffusion of lithium into the particles. When = 80%, the surface concentration of lithium in the particles close to the separator ͑x = 1͒ reaches the equilibrium concentration ͑C eq ␣ ͒, and the phase transformation is initiated in those particles. In the regime when 80% Ͻ Ͻ 85%, there is a mixture of single and two phase particles in the electrode, particles that are close to the separator have two phases ͑␣,␤͒ and the rest of the particles have a single phase ͑␣͒. The second phase formed ͑␤͒ has a higher soluble concentration ͑C eq ␤ = 0.97͒; therefore the average SOC ͑␥͒ increases rapidly in the particles that have undergone phase transformation compared to particles having only ␣ phase. With a further increase in ͑ Ͼ 85%͒, the phase transformation front moves back into the electrode toward the current collector. In this regime all the particles have two phases, and the value of ␥ depends on the extent of phase transformation in the particle.
In the first regime ͑ Ͻ 80%͒, when the whole electrode is comprised of a single phase, the particles experience only intercalation induced stress. Figure 3 shows the magnitude of the intercalation stress at the surface of the particle as a function of for a discharge rate of C/2. From Fig. 2 and 3 it can be observed that stress in the single phase regime increases monotonously with an increase in ␥ of the particles in the electrode. The simulation results indicate ͑Fig. 3͒ that the magnitude of the intercalation stress in the single phase regime is larger in the particles close to the separator end than the particles elsewhere in the electrode. This is expected because the ␥ is higher in the particles close to the separator during the discharge process. As the reaction zone moves gradually into the electrode toward the current collector, ␥ and stress in the particles in those regions start to increase. From Fig. 3 the magnitude of the stress is maximum at = 80% in the particle close to the separator. At this point the phase transformation starts and the stress starts to decrease in those particles.
In the mixed regime when 80% Յ Ͻ 85%, particles that have undergone phase transformation experience both intercalation and phase transformation stresses, while the rest of the particles still experience only intercalation stress. In the third regime ͑ Ͼ 85%͒, all the particles experience both the stresses. Figure 4a and b depicts the differential stresses at the phase interface in the particles along the thickness of the electrode as a function of ͑both for regimes 2 and 3͒ for discharge rates of C/2 and C/33, respectively. In the region of the electrode where the phase transformation has not been initiated ͑for regime 2͒, the differential stress actually refers to the single phase ͑␣͒ intercalation stress.
In the particles with two phases, both phases have different values of the partial molar volume, 28 and they experience different extents of expansion/contraction during the intercalation of lithium. Lithium deficient core ͑␣ phase͒ has a larger partial molar volume than the lithium rich shell region ͑␤ phase͒ of the particle. Therefore as the second phase ͑␤͒ starts to form during the discharge process, the magnitude of stress starts to decrease. This trend is true for materials such as Li x CoO 2 whose lithium rich phase has a lower partial molar volume. The trend reverses for materials that expand upon lithium intercalation and whose ␤ phase has a higher partial molar volume than ␣ phase.
In addition to the different values of partial molar volume, both phases have different lattice parameters and hence different mechanical properties ͑i.e., Poisson's ratio͒. The abrupt change in the lattice parameters at the phase boundary leads to a differential strain ͑misfit strain͒ at the interface. To maintain a coherent interface, the 
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Journal of The Electrochemical Society, 157 ͑2͒ A155-A163 ͑2010͒ A159 misfit strain has to generate a differential stress across the interface. The spherical symmetry of the particle forces the strain ͑and also stress͒ in the radial direction to be a continuous function across the phase boundary. The misfit strain is experienced in the tangential direction, giving rise to a differential stress ͑tangential component͒ at the phase boundary inside the particle. The distribution of this stress across the electrode closely follows the phase transformation in the individual particles. Figure 5a and b depicts the extent of the phase transformation as a function of in the particles across the thickness of the positive electrode for discharge rates of C/2 and C/33, respectively. The phase transformation is initiated at the separator end of the electrode and propagates across the electrode toward the current collector. From these results ͑Fig. 2-5͒ it can be summarized that the evolution of stress in the particles along the thickness of the electrode at any given time during discharge depends both on the extent of intercalation and phase transformation in the individual particles at that time.
The intercalation induced stress increases with an increase in the rate of discharge process. This is illustrated in Fig. 6 , which is a plot of the maximum value of stress generated in the particles during the discharge process as a function of the rate of discharge. In the simulations considered in this study, the maximum values of stress obtained in all these simulation scenarios are at the particle close to the separator toward the end of the single phase regime ͑regime 1͒. The phase transformation stress does not seem to have a direct dependency on the rate of discharge, but depends on the extent of phase transformation. The maximum differential strain ͑expressed as the percent change in tangential strain͒ at the phase boundary, which is plotted as a function of the rate of discharge ͑see Fig. 6͒ , increases with an increase in the rate of discharge until a certain rate ͑C/2 in this study͒, and then starts to decrease with an increase in the rate of discharge. The differential strain is proportional to the relative displacement of the two phases at the phase boundary, which in turn depends on the concentration of the two phases present within the particle. When the amount of the ␤ phase increases, the ␣ phase in the core does not have to contract much at the interface to accommodate the ␤ phase. 10 At low rates of discharge the extent of phase transformation is higher and therefore the strain experienced at the 
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The magnitudes of intercalation stresses observed in the positive electrode for all cases shown in Fig. 2 and 4 are less than the yield stress of the material which is assumed to be the yield strength of lithium aluminum silicate ͑ϳ100 MPa͒. Hence, a fracture or crack in the material due to this stress is not predicted. The intercalation stress, being a function of lithium concentration, is reversible during cycling; hence the effects of residual stress or fatigue would be insignificant in the material investigated. The phase transformation induced strain at the interface depends on the extent of the transformation. Cycling of the cell may lead to different extents of phase transformation within the electrode at each charge/discharge cycle. The fluctuation in the extent of phase transformation leads to the buildup of residual strain in the particles over an extended period of cycling, and the buildup of residual strain in the material may lead to the loss in performance, unless the strain is relieved by mechanisms such as incoherent phase transformation or fracture. 29 In most ceramic materials such as LiCoO 2 , the critical strain needed to cause fracture is typically in the order of 1%. 30 Hence an electrode having particles of size similar to the one used in this study can experience severe damage when cycled at intermediate rates ͑i.e., C/2 or 1C͒ over an extended period of time such as those observed in the study reported in Ref. 8 . The actual life of the electrode depends on the operating conditions such as temperature, depth of discharge, size of the particles, and other design parameters. Prediction of cell performance during cycling is the subject of a different study. Figure 7 depicts the stress distribution at the local particle surface across the thickness of the negative electrode at the end of the discharge for various discharge rates. The magnitude of stress is relatively higher in the particles closer to the separator ͑x = 0͒ than in the particles near the current collector ͑x = 1͒. The magnitude of stress within the electrode increases with rates of discharge. At lower rates, the utilization of particles is more or less uniform across the electrode thickness, therefore leading to a relatively uniform stress distribution across the thickness than at higher rates such as 6C. The simulated results also predict that at the 6C rate of discharge, the particles closer to the separator experience stress values higher than the tensile yield strength of carbon ͑30 MPa͒. Therefore these particles have a higher tendency to develop microcracks or fracture. The choice of design parameters such as thickness, porosity, and particle size affects the magnitude of stress and hence the life of the negative electrode. In this study the simulations were performed by varying the thickness, porosity, and particle size of the negative electrode, while holding constant the capacity ratio of the positive/negative electrode ͑0.925͒.
Negative electrode (carbon).-
The impact of thickness of the negative electrode on the magnitude of stress generated in the electrode is illustrated in Fig. 8 . All the other parameters and design variables are the same as in the base case ͑see Table I͒ , except for positive and negative electrode thicknesses. To maintain the positive/negative electrode capacity ratio, with a change in the negative electrode thickness, a corresponding change is made to the positive electrode thickness. Four different negative electrode thicknesses are considered including the base case parameter, and these case scenarios will be referred to as cases 8a, 8b, 8c, and 8d, respectively, in the order of increasing thickness. The rate of discharge is 6C. Here the "C rate" refers to the ratio of apparent current density and the capacity of the electrode. With an increase in the thickness of the electrode, there is a corresponding increase in the capacity of the electrode and hence at any particular rate, the apparent current density is also increased.
The general trend found in the base case scenario ͑Fig. 7͒ for the stress distribution across the thickness is also found for all the other cases. In all the cases considered in this study, the magnitude of stress is higher at the separator end of the negative electrode and decreases toward the current collector. As the thickness of the electrode is increased, the stress is increased as well. This is because of the fact that as the thickness of the electrode is increased, the cell capacity ͑and hence the apparent current density or reaction rate experienced by the particles͒ is increased. Beyond a certain thickness value, for instance, case 7d in this study, the particles toward the current collector experience much less current density than the average electrode due to the liquid phase limitations in the electrode. Therefore the stress decreases rapidly across the thickness, and the magnitude of stress obtained near the current collector for case 8d is less than the stress obtained for case 8c ͑comparatively thinner electrode͒.
From these results ͑Fig. 8͒ it can be concluded that for a given rate of discharge, a thicker electrode not only reduces the performance of the battery operated at high rates of discharge but also experiences increased stresses. An optimized electrode thickness to obtain the desired power density improves both the performance and life of the battery electrodes. Figure 9 shows the effect of porosity in the negative electrode on the generation of stress in the electrode. As in the previous simulation, the positive/negative electrode capacity ratio is held constant in this case as well. Three different negative electrode porosities including the base case parameter are considered, and these case scenarios will be referred to as cases 9a, 9b, and 9c, respectively, in the order of increasing porosity. Figure 9 shows that as the porosity is increased, the magnitude of stress decreases for a given rate of discharge. With an increase in porosity in the electrode capacity, the apparent current density experienced by the particles decreases and thereby the magnitude of stress generated decreases. When the porosity is decreased ͑see case c in Fig. 9͒ , stress distribution is rather uniform throughout the thickness of the electrode. This is contrary to the scenario of an increase in thickness ͑case d in Fig. 8͒ wherein the stress in the particles close to the separator was more pronounced than the stress in the particles elsewhere in the electrode. From Fig.  9 it can be concluded that a decrease in porosity of the electrode is more detrimental to the mechanical life of the electrode than increasing the thickness of the electrode. These results not only highlight the importance of choosing optimum design porosity but also indicate that the mechanical stress in the negative electrode can increase if there is a significant decrease in the porosity during the operation of the battery ͑assuming identical physical properties for the side reaction products blocking the pores͒. It has been widely accepted in the literature [4] [5] [6] that the porosity in fact decreases in the negative electrode during the operation of the battery due to various side reaction products. This decrease in porosity in the electrode decreases both the performance and more significantly the mechanical life of the electrode. It has been reported in the study by Kostecki and McLarnon that structural damage increases the amount of side reaction product. 9 These results and the results predicted in the present study underscore the importance of mutual effects of these two failure modes, each enhancing the other and leading to a vicious cycle of damage and ultimate failure of the battery electrode.
The third scenario considered in this study was to understand the effect of particle size on the magnitude of stress in the electrode. Three different particle sizes are considered. Results for this set of simulations are presented in Fig. 10 . It can be observed that a decrease in particle size decreases the magnitude of stress significantly. Very small particles have a larger surface area and a high side reaction rate. This aspect is not considered in this study. Of all the design parameters considered in this study, the particle size has the most significant influence on the magnitude of overall stress generation in the electrode. An electrode with smaller particles with optimum thickness and porosity for the desired application not only enhance the life of the battery but improve the performance of the battery.
Conclusions
A comprehensive model was developed to understand the stress generation in porous intercalation electrodes during the discharge process in a lithium ion cell. The process of phase transformation and stress generated as a result of the process was considered for the positive electrode ͑lithium cobalt oxide͒. The intercalation stress increased with the rate of discharge, and the phase transformation stress depended on the amount of each phase present in the electrode. The results from the simulation indicate that the particles that are cycled over an extended period at intermediate or even low rates of discharge can be damaged due to the residual strain buildup caused by phase transformation in the material. The magnitude of stress generated in the negative electrode ͑carbon͒ was much higher compared to that of the positive electrode. The simulations conducted in this study also indicated high probability of fracture or mechanical damage in the particles close to the separator in the negative electrode. Simulations were conducted with different thicknesses, porosities, and particle sizes in the negative electrode. The overall magnitude of stress decreased during the discharge process with a decrease in thickness, a decrease in particle size, and an increase in porosity. The size of the particles in the electrode had a higher impact in reducing the stress generation than the thickness and the porosity in the simulations performed in this study. A complete investigation of the phase changes within the negative electrode should consider staging of the active material during the intercalation process, 23, 32 and the treatment of the stress buildup during this complicated phenomenon is the subject of a separate study. While the results presented here generally agree with experimental observations, quantifying stress distribution within electrodes experimentally is an essential step toward designing better electrodes, and significant efforts have gone toward such measurements. [7] [8] [9] [32] [33] [34] [35] University of South Carolina assisted in meeting the publication costs of this article. 
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The effective diffusion coefficient of the electrolyte ͑in cm 2 /s͒ is given by 
